Abstract-Magnetic, relaxation, and dynamic parameters of radical pairs of positively charged polarons and negatively charged anion radicals of fullerene that are induced by photons with an energy of 1.7-3.4 eV are studied by the methods of photoinduced electron paramagnetic resonance for the poly(3 hexylthiophene)-fullerene composite. The above charge carriers show mutual independence, which is provided by a different interaction with their microenvironment. The paramagnetic susceptibility of spin pairs reflects the dipoledipole interaction and activation dynamics of paramagnetic sites in the polymer-fullerene system. The rate of recombination of radical pairs is controlled by the mutual space distribution of carriers of various charges and by the energy of excitation photons. Quasi one dimensional diffusion of polarons along polymer chains and rotational diffusion of fullerene molecules about the selected molecular axis are likewise controlled by the energy of photons and can be described in terms of the activation Elliott hopping model. The dependence of the main values of magnetic, relaxation, and dynamic parameters of charge carriers on the energy of pho tons is explained by the inhomogeneous distribution of molecular clusters in the polymer-fullerene compos ite. The annealing of this composite leads to an enhanced formation of polymer crystallites and fullerene clus ters. Hence, the effective dimension of the system increases and its electron characteristics are improved.
INTRODUCTION
In the last two decades, numerous studies have been devoted to the synthesis and characterization of properties of polymers with continuous π electron delocalization. These compounds can be used in molecular electronics as the most promising materials for polymer photovoltaic applications, and, currently, intensive development of this direction is responsible for their comprehensive investigation [1, 2] . The most effective components for the development of plastic solar cells are soluble conjugated polymers and fullerene derivatives [3, 4] . Fullerene molecules in the matrix of a conjugated polymer interact with its mac romolecules and form a so called bulk heterojunction; they serve as electron donors and acceptors in plastic solar batteries. Polymer and fullerene molecules have different affinities toward electrons; hence, in the formed bulk heterojunction, photogeneration and separation of charge carriers occur during illumina tion. In this case, positive charges are transferred by polarons that diffuse in the polymer, whereas electrons are transferred by hopping between contacting domains of fullerenes according to the hopping mech anism. The evident advantages of the above bulk het erotranstions are their easy preparation via the disso lution of initial components in organic compounds and the subsequent casting of the prepared solution onto a rotating support. At the present time, the effi cacy of solar cells with bulk heterojunction is 5-6% [2] . This parameter is controlled by the energy of polaron binding and by the density and mobility of charge carriers in organic solar cells, which are smaller than their classical crystalline analogs. In polymerfullerene systems, it is possible to distinguish short liv ing pairs, which recombine immediately once the light is switched off, as well as charge carriers with longer lifetimes [5, 6] . For short living pairs, the recombina tion depends on the intensity of excitation light and can be described in terms of the activation bimolecular process [7] . For long living pairs, the kinetics of recombination is independent of the intensity of initi ating light and is controlled by the presence of entrapped carriers in the system owing to the system's structural heterogeneity [5] . Long living charge carri ers are formed by localized polarons, which are entrapped by traps with an energy exceeding kT. Their recombination can be explained by nongeminate col lisions of randomly distributed charges. The mecha nism of recombination is controlled by tunneling pro cesses, while the recombination rate is controlled by the distances between photoexcited charges. It is evi dent that the molecular features in the structure of the polymer-fullerene system should control the rate and mechanism of photoexcitation of charge carriers in this system as well as their separation and recombina tion. Therefore, analysis of the electron processes hap pening in such systems not only is crucial from the fundamental viewpoint but also is of practical interest for the search for new optimum materials to be used in photovoltaics. However, so far, the mechanism of the main processes in plastic solar cells remains vague.
Photoinduced charge transfer is accompanied by the formation of a radical pair, P +• -, of paramag netic sites with spins S = 1/2; hence, their relaxation and dynamic characteristics can be studied by the direct method of light induced EPR (LEPR) [8, 9] . In the LEPR spectra, two overlapping EPR signals are seen; these signals have different band lengths and amplitudes, and their saturation with an increase in the microwave field is likewise different. As was shown earlier [10] [11] [12] , the main magnetic, relaxation, and dynamic parameters of charge carriers photoinduced in the polymer-fullerene system depend on the energy of absorbed photons. In addition, it was found [13, 14] that, among soluble fullerene derivatives with different structures of side alkyl substituents, the most promis ing electron acceptor for plastic solar cells is 6,6 phe nyl C 61 butyric acid methyl ester (PCBM). In the bulk heterojunction, the mobility and lifetime of charge carriers are markedly increased when poly(3 hexylthiophene) (PHT) is used as a polymer matrix [15] . The combination of the best, relative to other organic polymers, structural ordering of PHT and the specific morphology of the bulk heterojunction of the PHT-PCBM system is likely to provide a higher screening of the Coulomb potential of interaction between radical pairs photoinduced in a given system. As a result of this interaction, the interaction between them becomes weaker, their separation becomes more effective, and the probability of further recombination decreases. The above features make it possible to increase the high efficacy of solar energy conversion of plastic solar cells. In this context, the PHT-PCBM composite has been selected as a model system for studying the photoinduction of radical pairs and their further recombination in the bulk polymer-fullerene heterojunction.
This article presents pioneering results of the study of magnetic, relaxation, and dynamic parameters of polarons and anion fullerene radicals induced in the bulk PHT-PCBM heterojunction by photons with an energy of 1.7-3.4 eV in a broad (77-300 K) tempera ture interval via the method of LEPR spectroscopy. It is shown that, in the radical pair, charge carriers weakly affect each other and, hence, they differently interact with their microenvironment. This approach makes it possible to separately estimate magnetic and relaxation parameters of both types of charge carriers and to consider their dynamics in the bulk PHT-PCBM heterojunction. The effect of the energy of ini −i C 60 tiating photons on the main electron characteristics of the system that is induced by the inhomogeneous dis tribution of molecular clusters in the system is pre sented. The effect of annealing on the electron charac teristics of an organic solar cell is analyzed.
EXPERIMENTAL
In this study, regioregular PHT (Rieke Metals, United States) and PCBM (Solenne BV, Netherlands) were used. These components at a weight ratio of 1 : 1 were dissolved in chlorobenzene until the concentra tion was 1 wt %. The prepared solution was cast as a thin layer on a ceramic plate and dried; as a result, a film with dimensions of 4 mm × 8 mm and a thickness of ~0.1 mm was formed. In addition, a similar sample that was annealed in an inert atmosphere at 413 K for 1 h was used.
The EPR spectra were recorded with a 3 cm PS 100X computer aided spectrometer (9.7 GHz); the modulation frequency of the constant magnetic field was 100 kHz. The magnetic component of micro wave field В 1 in the center of the resonator was esti mated from the analysis of broadening of the EPR spectrum of a single crystal of diphenylpicrylhydrazine according to a well known procedure [16] . Dark field and light induced EPR spectra of the initial PHT and the PHT-PCBM composite were recorded at 90-340 K with a BRT temperature unit (Special Design Bureau, Institute of Organic Chemistry, Russian Academy of Sciences) and at 77 K with the use of a Dewar flask filled with liquid nitrogen. Photoinduc tion of radical pairs in the PHT-PCBM sample was performed directly in the microwave resonator of the EPR spectrometer through the use of a DM 4T source equipped with a KGM 12 100 5 halogen lamp. The energy of photons was changed with the use of a rele vant set of glass light filters. The signal-noise factor of the EPR spectra was increased according to the pro cedure of signal accumulation under repeated (6-20 times) scanning of the spectrum. Paramagnetic sus ceptibility was estimated by double integration of the corresponding EPR spectra recorded at identical experimental conditions. The EPR spectra were mod eled according to the WinEPR SimFonia program (Bruker). The maximum error in measurements and simulation of the width of EPR band, δ, was ±2 μT. Optical absorption spectra of the samples and trans mittance spectra of light filters were recorded on a Shi madzu UV 3101PC scanning spectrophotometer at room temperature.
RESULTS AND DISCUSSION
Magnetic Resonance Parameters EPR line shape and g factor. In the absence of illu mination, PHT and PCBM show no EPR spectra over the entire temperature interval. When the PHT-PCBM system is illuminated with visible light directly in the resonator of the EPR spectrometer at Т ≤ 200 K, two overlapping LEPR lines are seen; the ratio between their intensities is temperature dependent. Figure 1 shows the LEPR spectra for the radical pair formed by positively charged polaron P +• with an effective g factor (g 1 = 2.0012) and negatively charged anion radical with an effective g factor (g 2 = 1.9996) induced in the PHT-PCBM system under the action of photons with different energy hν ph . For com parison, Fig. 1 presents the optical absorption spec trum for the PHT-PCBM system and the transmit tance spectra of light filters.
The effective EPR spectrum is controlled by the forbidden structure of individual lines, which are related to nonsymmetric orbital interaction of each of the spins of charged particles in the molecular system. In this π conjugated electron system, deviation of the g factor of the polaron from the g factor of a free elec −i C 60 tron (g e = 2.0023) is provided by the noncompensated orbital moment, which induces an additional mag netic field under the consecutive excitation σ*. In this case, this deviation Δg should depend on the constant of spin-orbit interaction, λ, and on the difference in energies between levels σ and π, ΔE σπ and between levels π and σ*, ΔE πσ* [17] :
Because of π π* direct excitation, the orbital moment is negligibly small and manifests itself only for the nearest carbon atoms. In contrast, the anisotropy of the g factor can be provided by additional fields along axes x and y, which are directed along the σ plane of the molecular polymer backbone. Indeed, study of poly(3 octylthiophene) and its close structure by the method of 2 mm EPR spectroscopy showed [17] that the interaction of an unpaired electron (delo The left hand EPR spectrum shows the lines corresponding to charge carriers P +• and . Dashed lines show the (upper spectra) optical transmittance spectra of the corresponding filters and (lower spectrum) absorption spec trum for the PHT-PCBM system. The lower images show the structure of the PHT macromolecule, on which a mobile polaron is formed, and PCBM. calized on a polaron) with a sulfur heteroatom included in the polymer structure leads to the anisot ropy of its g factor: g xx = 2.00409, g yy = 2.00332, and g zz = 2.00235. For a fullerene anion radical induced in the PHT-PCBM composite, the effective g factor is typical of other fullerene anion radicals [18] . As in the case of the initial fullerene molecule C 60 [19] , the dif ference between the g factor of a PCBM ion radical and g e is related to the fact that orbital angular moment of stabilized spin is not fully retarded. The formation of the anion radical changes the isotropic icosahe dral symmetry of the initial fullerene molecule owing to the dynamic Jahn-Teller effect and its structural deformation [20] .
Paramagnetic susceptibility. Figure 2 presents rela tive spin susceptibility χ of polarons and fullerene anion radicals in the PHT-PCBM system estimated by double integration of the LEPR signals, depending on the energy of initiating photons and temperature. This evidence shows that the number of polarons P +• is several times higher than the number of fullerene anion radicals in all intervals of variations in photon energy and temperature. Note that, in the experi
ments, the steady state concentration is recorded; this concentration includes the processes of generation ad recombination of spins. It is possible that an excess of polaron spins in the polymer is provided by light induced excitons, which break down into pairs of pos itively and negatively charged polarons, or by the development of additional spin excitations, which do not lead to emergence of a charge, for example, soli tons. Some polarons are localized in the amorphous polymer phase or on defects and can be repeatedly excited under the action of temperature. As was shown earlier [10] [11] [12] , the shape of the LEPR line in the poly(3 dodecylthiophene)-PCBM system depends on initiating photon energy hν ph . A similar pattern is observed for the composite under study. Figure 2a shows that, at a fixed temperature, an increase in hν ph leads to changes in the relative concentrations of both charge carriers in the PHT-PCBM composite with extrema at hν ph ≈ 2.0 and 3.1 eV.
The interaction and dynamics of paramagnetic sites of radical pairs can be noticeably changed via thermal annealing of the composite. Figure 2b shows the temperature induced changes in the shape and intensity of the LEPR spectrum as well as paramag netic susceptibility of polaron χ P and fullerene anion radical χ C of initial and annealed PHT-PCBM sam ples. As follows from Fig. 2b , in the low temperature interval, the initial PHT-PCBM sample is character ized by a stronger decay of the temperature depen dence of χ C than that of the corresponding depen dence of paramagnetic susceptibility χ P . As a result of annealing of the sample, both values become less dependent on temperature, and their ratio slightly changes. This effect can be explained as follows. Let us assume that a positively charged polaron diffuses along the polymer chain from unit i to another unit j, which is located near a negatively charged fullerene mole cule. Hops of charges between fullerene molecules proceed more easily than charge hops between polaron and fullerene; hence, the effective recombina tion of charges is primarily limited by the rate of polaron transfer to fullerene molecules. With allow ance for the high anisotropy of the dynamics of polarons in undoped and slightly doped conjugated polymers [17] [18] [19] [20] [21] , it is possible to assume that the probability of charge transfer along the polymer PHT chain markedly exceeds the probability of charge transfer between neighboring macromolecules. Once the polaron and the fullerene approach each other, charge recombination primarily proceeds via tunnel ing of an electron from fullerene onto the polaron with a characteristic time [23] 
where is a constant, is the distance between units i and j, and a 0 is the radius of effective charge localization (the Bohr radius). Charge transfer along the polymer chain is provided by polarons via tunnel ing through the energy barrier
where is a constant, k B is the Boltzmann constant, and T is the temperature. Two mechanisms of charge transfer are the main cause of the fact that the decrease in paramagnetic susceptibility of positively charged
polarons in the regioregular PHT includes two contri butions: a fast and temperature independent contri bution and a slow contribution, which exponentially changes with temperature [6] . Moreover, it is neces sary to consider quasi one dimensional (1D) motion of a polaron, which affects the dipole-dipole interac tion between two types of charges and, hence, their paramagnetic susceptibility. When 1D hops from region i to region j with frequency ω h , a positively charged polaron can collide with a fullerene anion radical, which is located near polymer chain. In con trast to a polaron with translational movement along polymer chain, fullerene molecules rotate about a given molecular axis without any changes in its space position. In this case, the probability of rotation of spins, p, during their collision should depend on the strength of bulk interaction and ω h [24] : ,
where α = 3πJ/ ω h , = h/2π is Planck's constant, and J is the constant of bulk spin interaction. Depend ing on the intensity of interaction, an increase in ω h can lead to either a decrease or an increase in the exchange frequency. With allowance for the direct dependence of the steady state concentration of para magnetic sites on their lifetime, Eqs. (2), (3), and (4) give the final expression for the paramagnetic suscep tibility of the polymer-fullerene system:
Assuming the activation character of 1D transla tional diffusion of a polaron with frequency (here, ΔE ij is the activation energy), we simulate the temperature dependences of spin susceptibilities, χ(Т), of a polaron and a fullerene anion radical according to Eq. (5) for conventional and annealed samples. The best fit is observed at J = 0.2-0.35 eV, and ΔE ij is listed in the table. Figure 2b shows the calculated curves. As follows from the table, ΔE ij estimated for polarons photoinduced by white light in the PHT-PCBM composite decreases after annealing. Hence, it may be concluded that, in the annealed sample, the dynamics of polarons is acti vated at a comparatively lower energy than that in the initial sample, an effect that is likely provided by the lower structural inhomogeneity of the initial polymer matrix due to annealing. Analysis shows that constant J changes in the range from 0.2 to 0.35 eV. This value is markedly higher than the corresponding radical of spin exchange of nitroxyl radicals with paramagnetic ions in liquids, J ≤ 0.01 eV [25] , but it lies near J ≈ 0.36 eV, which was obtained for the interaction of polarons with oxygen molecules in doped polyaniline [26, 27] .
The peak to peak linewidth. Figure 3 presents the effective peak to peak linewidth plotted against the energy of photons and the temperature for radicals P +• and in the absence of microwave saturation. The is shown to change with hν ph nonmonoton ically and shows extrema at 2.0 and 3.1 eV (Fig. 3a) . The first extremum is located in the vicinity of the energy gap of PHT, E g = 1.92 eV [28] , whereas the nature of the second extremum can be related to the existence of clusters with different structural ordering in the sample.
Temperature dependences of the linewidth of polarons photoinduced in the initial and annealed PHT-PCBM samples pass extrema at 140 and 170 K (Fig. 3b) . Extrapolation to the high temperature region gives = 0.09 mT at room temperature, a
value close to the values that were earlier obtained for polarons stabilized in the matrices of the PHT-PCBM [13, 14] and poly(3 dodecylthiophene)-PCBM composites [10] [11] [12] . This value is appreciably lower than the linewidth of polarons stabilized in undoped polythiophene [29] , a result that can be explained by a lower spin interaction in the system under study. If we assume that the interaction of a fullerene anion radical with polarons has an activation nature and that diffusion of a polaron proceeds according to the hopping mechanism along the poly mer chain at rate and activa tion energy E a , the dependences shown in Fig. 3b can be described in terms of the above exchange dipoledipole interaction of two spins. According to this the ory, collisions of spins should lead to an additional broadening of the LEPR band by the value [24] ,
where p is the probability given by Eqs. (4) and С is the number of paramagnetic sites per monomer of the polymer matrix. Figure 3b shows the temperature dependences of the linewidth, (T), calculated through Eq. (6) with the use of the tabulated E a values (dashed lines). Analysis of the above evidence shows that activation 
energy E a for the annealed PHT-PCBM composite differs only slightly from that of the initial sample.
This evidence makes it possible to conclude that the main magnetic resonance parameters of both types of charge carriers depend on the energy of initi ating photons. The formation of charge carriers with different characteristics in the homogeneous regions of the composite may be expected, and this formation can be provided by the presence of photoinitiated traps with different depths in the polymer matrix. Both of the identical charge carriers are formed in the hetero geneous regions of this system. This dependence of the parameters of paramagnetic sites on the frequency of initiating radiation is likely provided by their interac tion with the microenvironment in the molecular clusters, which are nonuniformly distributed in the polymer-fullerene system. Different ordering of such clusters may be responsible for the scatter in the band gap energy, a circumstance that should lead to their susceptibility toward quanta with different energies. This factor can be used for the preparation of photo voltaic devices with controlled characteristics.
Recombination of Charge Carriers
In solar cells, the transfer of positive and negative charges proceeds via the diffusion of carriers to elec trodes under the action of an electric field so that charges initiated by photon should approach elec trodes; hence, passage time t tr should be appreciably lower than the lifetime of a radical pair, τ (t tr τ). Once the incident light is switched off, the concentra tion of spin pairs starts to decrease at a high rate. Fig  ure 4 shows typical curves illustrating the decay of the concentration of spin carriers photoinitiated in the PHT-PCBM composite at 77 K. In addition, Fig. 4 shows the dynamics of changes in the intensity and profiles of the LEPR spectra after the blackout. The rate of recombination of charges with effective local ization radius a and spacing distance R can be written as follows [30] : ,
where ν 0 is a constant. In the calculations, it is neces sary to consider the difference in localization radii a of charge carriers. For an electron, this radius may be assumed to be nearly equal to the radius of the mole ( ) cule of modified PCBM fullerene, which is controlled by the structure of its side alkyl substituent [31] . In the conjugated polymers, the length of a polaron is usually five monomer units [6, 32] . The distance between the nearest charge carriers, R(t), changes with time as (8) When the initial concentration of charge carriers at the instant of blackout at time t 0 = 0 is denoted as n 0 and t 1 -t 0 is the time of charge recombination, it is possible to write the following expression illustrating changes in the concentration of spins with time [30] :
where R is defined by Eq. (8), R 1 = R(t 1 ) is the distance between the nearest charge carriers at time t 1 at the instant of their recombination, and n 1 is the concen tration of charge carriers at time t 1 . As follows from Eq. (9), the residual concentration of charges decreases with time not through an exponential dependence but through a less steep logarithmic dependence. By extrapolation t ∞ (or at high R),
, which is independent of the concentration of n 1 and n 0 . As follows from Eq. (7), photoexcited charges are characterized by comparatively high lifetimes, a behavior that is prima rily provided by an increase distance between drifting charge carriers of the same radical pair. The concen tration of spins is estimated directly from the LEPR spectra, and localization radius a and typical lifetime can be estimated from general physical spec ulations. The final equation for the kinetics of termi nation of radical pairs can be written as follows [30] : (10) In addition, Fig. 4 presents the dependences calcu lated through Eq. (10). Dashed and dotted lines show the dependences (calculated through Eq. (10)) with n 0 a 3 = 2.21 × 10 -4 and τ 0 = 7.2 × 10 -5 min and with n 0 a 3 = 1.4 × 10 -3 and τ 0 = 3.6 × 10 -7 min, respectively. As follows from Fig. 4 , experimental data can be well approximated by the above equation. The analysis shows that the concentration of photoexcited spin pairs at time t = 0 is controlled by several factors, including energy of photons hν ph . The insert in Fig. 4 shows changes in the typical lifetime of polarons and fullerene anion radicals, τ 0 (Eq. (10)) with varying energy of photons hν ph . Dashed and dotted lines show the value estimated for the above carriers, which are photoexcited in the sample by continuous irradiation with white light. This evidence suggests quite opposite changes in this value as a function of hν ph . Product n 0 a 3 and the lifetime calculated for both types of
n n n t n n t t n a n charge carriers are close to n 0 a 3 ~ 10 -3 and τ 0 ~ 10 -6 min estimated in [30] for the bulk heterojunction of PCBM with macromolecules of another polymer matrix. Therefore, the kinetics of termination of long living spin pairs photoexcited in the PHT-PCBM composite and similar composites can actually be interpreted in terms of the above model, which relates the recombination rate to the spactial separation of photoinitiated charges.
Electron Relaxation and Dynamics of Charge Carriers
When the intensity of the microwave field is increased, LEPR spectra broaden and their intensities nonlinearly increase. The above changes in the LEPR spectra are provided by the effect of continuous satu ration of paramagnetic sites. Analysis shows that satu ration of the LEPR spectra of polarons and fullerene anion radicals occurs at different microwave intensi ties. This fact makes it possible to separately estimate spin-lattice and spin-spin relaxation times, T 1 and T 2 , respectively, for both sites according to the above procedure [16] . Figure 5 presents the relaxation spectra of polarons and fullerene anion radicals photoinduced in the bulk PHT-PCBM heterojunction as functions of the energy of photons and temperature. Note that, for both charge carriers, dependences T 1 (hν ph ) show extrema at 2.1 and 3.1 eV; at the same time, T 2 slightly changes with the energy of photons (Fig. 5a) . The ini tial PHT-PCBM composite is characterized by a monotonic change in relaxation times T 1 and T 2 with temperature for photoinduced charges (Fig. 5b) . Because of thermal annealing of the sample, spin-lat tice relaxation time T 1 of polarons decreases, while T 1 of fullerene anion radicals increases. Moreover, this modification is the cause of nonmonotonic depen dence T 2 (T) for both charge carriers in the central region of the temperature interval. This behavior sug gests that the mechanism and rate of electron relax ation in the system are dependent on the energy of initiating radiation and are controlled by the confor mation of the bulk polymer-fullerene heterojunction. This reasoning confirms the above assumption of the formation of clusters with different structural ordering and band gaps in a given composite.
The bulk heterojunction can involve various dynamic processes, including diffusion of polarons along and between polymer chains with corresponding diffusion coefficients D 1D and D 3D as well as rotational diffusion of fullerene anion radicals about the selected molecular axis, D rot . The above processes generate additional magnetic fields at the localization sites of electrons and nuclear spins that, in turn, accelerate the electron relaxation of spin reservoirs. Since this relax ation is primarily controlled by the dipole-dipole interaction between electron spins [33] , dynamic parameters of both charge carriers can be estimated from the following equations for magnetic resonance [34] :
where ω е is the resonance angular frequency of elec tron spin precession; 〈ω 2 〉 = 1/10 S(S + 1)nΣ ij is the constant of dipole-dipole interaction for the powder sample; n is the number of polarons per monomer unit; Σ ij is the lattice sum; J(ω e ) = (
is the spectral density function for quasi one dimensional diffusion of a polaron; = 4D 1D /L 2 (L is the delocalization factor of polaron spin density on approximately five monomer units in PHT [6, 32] ); and J(ω e ) = τ c /(1 + ) is the spectral density func tion for the rotational diffusion of fullerene with cor relation time τ c . For both charge carriers in the PHT-PCBM composite, dynamic parameters calculated through Eqs. (11) and (12) [10] [11] [12] 35] . This behavior can be pro vided, for example, by a stronger interaction of polarons with lattice phonons in the matrix under study. This interaction should lead to the following dependence of the diffusion rate of a polaron on opti cal phonon energy E ph and lattice temperature [36] :
As follows from Fig. 6b , experimental dependences D 1D (T) for initial and annealed PHT-PCBM samples are well described by Eq. (13) with E ph , which are listed in the table. The calculated energies of lattice phonons lie near the corresponding values estimated for poly(3 octylthiophene) [17] and some other con jugated polymers [22, 37, 38] . In addition, they approach activation energy E a for the mobility of polarons in PHT [39] but are lower than E a for the dif fusion of polarons in poly(3 methylthiophene) [40] and in the poly(3 octylthiophene)-PCBM system [41] .
Rotational diffusion of fullerenes can be inter preted in terms of the Elliott model for the hops of charge carriers over energy barrier E b [42] . This model For fullerene, E b values are appreciably lower than the corresponding activation rotational energy of fullerene in more crystalline compounds [43, 44] ; however, they approach E b for the rotation of fullerenes in the triphenylamine complex [45] . After comparison of the data on spin dynamics for the bulk poly(3 dodecylthiophene)-PBEMA hetero junction [10] [11] [12] 35] and data presented in this study, it may be concluded that the rotation rate of fullerene in poly(3 alkylthiophene) decreases by several orders of magnitude with an increase in the length of the alkyl substituent, i.e., on passage from poly(3 hexylth iophene) to poly(3 dodecylthiophene). For the PHT-PCBM composite, the annealing decreases both the anisotropy of diffusion of polarons and E ph and E b (table). This result verifies that, because of annealing, the degree of crystallinity and the dimen
sion of the system increase. During annealing of the composite, fullerene molecules incorporated into a comparatively amorphous polymer matrix become more mobile and accumulate into fullerene clusters. As a result, in the annealed composite, crystalline polymer and fullerene clusters are formed; finally, the electron transport characteristics of solar cells with bulk heterojunctions improve.
CONCLUSIONS
In the PHT-PCBM composite, illumination leads to the formation of two photoinduced paramagnetic sites with well resolved EPR spectra, namely, posi tively charged polaron P +• on the polymer chain and negatively charged fullerene anion radical located between polymer chains. The two radicals are quickly spaced owing to the high mobility of the polaron; as a result, the probability of their recombination decreases. The LEPR signals from these sites are dif ferently saturated under the action of a microwave field, a circumstance that makes it possible to sepa rately estimate the relaxation parameters for each of the charge carriers. Analysis of the dependences of the main magnetic, relaxation, and dynamic parameters of polarons P +• and fullerene anion radicals on the energy of excitation photons at 1.7-3.4 eV shows that (13) and (14) with the use of corresponding lattice phonon energies Е ph and activation energy E b . they nonmonotonically change as a function of hν ph and pass extrema at 2.0 and 3.1 eV. The probability of recombination of such charge carriers follows the acti vation law and is controlled by the energy of excitation optical photons. Analysis of the dependences of spin susceptibility on the energy of photons and tempera ture makes it possible to conclude that the number of photoexcited polarons in the PHT-PCBM composite exceeds the number of fullerene anion radicals over the entire temperature interval; during heating, the difference between the concentrations of P +• and decrease. For a polaron and a fullerene anion radical, the temperature dependences of spin-lattice and spin-spin relaxation times, T 1 and T 2 , respectively, are obtained. With the use of this evidence, the diffusion coefficients for the translational motion of polarons along the polymer chain, D 1D ; for the translational motion of polarons between polymer chains, D 3D ; and for rotational diffusion of fullerenes, D rot , are found. Owing to the annealing of the PHT-PCBM compos ite, the anisotropy of diffusion of polarons decreases along with the activation energy of translational and rotational diffusion of charge carriers. This evidence verifies that, because of annealing of the PHT-PCBM composite, the degree of crystallinity and dimension of the system increase.
